In the harsh environment of the divertor region in ITER, plasmas spanning a huge density range from 10 19 to 10 22 m −3 are anticipated making measurement of the electron density particularly challenging. For any reasonable wavelength choice, the total phase measured by a conventional two-color interferometer system is always ӷ2 and therefore subject to fringe counting errors. This problem can be remedied by adding a polarimeter capability whereby the Cotton-Mouton effect is measured or by employing differential interferometry. Using either approach, the total phase is always Ӷ2. The conceptual design of an interferometer system along with possible wavelength choices will be explored.
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I. INTRODUCTION
Successful operation of the future reactor-relevant ITER device depends critically on divertor performance. In order to properly assess the divertor region, thorough diagnosis of the plasma properties is required. The ITER divertor region is an extremely harsh environment where the power loads are high requiring robust diagnostic techniques. In addition, plasma densities spanning a huge range from 10 19 to 10 22 m −3 are anticipated making measurement of the electron density particularly challenging.
To measure the electron density, a two-color interferometry technique, routinely employed by the fusion community to compensate for optical system vibrations, is being considered for the ITER divertor as it would also compensate for mechanical stresses and thermal expansion which are expected to be significant. However, for any reasonable wavelength choice, the total phase is always ӷ2 thereby subjecting the measurement to fringe counting errors. Since realtime information is required to monitor divertor conditions and operate ITER, high reliability is a critical diagnostic requirement.
This problem can potentially be remedied by including a polarimetry capability whereby the Cotton-Mouton effect is measured in addition to the standard interferometry phase. In this instance, one is measuring a phase directly proportional to Ϸ 3 ͐ n e ͑r , t͒B Ќ 2 dl, where B Ќ is the magnetic field perpendicular to the probe beam or, for the case of ITER, the toroidal magnetic field which is known. Using this approach, the total measured phase is always Ӷ2. Another approach, involving a differential interferometry measurement, could also be exploited to make the system more robust and insensitive to fringe errors. In this case, the phase difference between two slightly offset probe beams is measured. For both the polarimetry and differential interferometry approaches, since one is measuring the phase difference between two probing beams, phase changes due to vibrations and thermal expansion cancel thereby greatly improving the system phase resolution. In addition, the measured phase changes are always Ӷ2 making the measurement immune to fringe counting errors. Even if the phase is temporarily lost due to discrete dynamic events such as edge localized modes ͑ELMs͒, the proper phase is quickly recovered after the perturbation. In this article, we explore the feasibility and conceptual design of an ITER divertor interferometer system along with possible wavelength choices.
II. DIVERTOR MEASUREMENT REQUIREMENTS
The density range anticipated for the ITER divertor and the range which must be covered by the interferometer system spans three orders of magnitude from 10 19 to 10 22 m −3 . Spatial resolution along the divertor will be limited to the number of chords with a maximum of 5͑3͒ presently being considered for the outer͑inner͒ divertor leg. The spacing between each chord is expected to be approximately 10 cm. The density distribution along and across the outer divertor leg is shown for eight paths in Fig. 1 , using the base line ITER plasma scenario. The maximum density occurs along path 2͑1.8ϫ 10 21 m −3 ͒ and minimum along path 8͑1.8 ϫ 10 20 m −3 ͒. The minimum density of ϳ10 19 m −3 is found near the wall. Divertor path lengths are relatively short and vary from 0.05 m ͑path 2͒ to 0.45 m ͑path 8͒. For the maximum density put forward in the ITER design specifications, we simply scale each profile by a factor of ϳ5 so that the peak density along path 2 reaches 10 22 m −3 . On this basis, the local density distributions shown in Fig. 2 can be converted into line integrals along each sight line for both the ITER divertor base line and maximum density cases, as shown in Fig. 2 . Despite the large variation in chord lengths and densities, the line-integrated density varies only by a factor of 2 across the eight lines of sight for a given discharge. Although not presently specified, we take 1% as the resolution necessary for the line-integrated measurement It is not specified whether the peak density of 10 22 m −3 would occur continuously in time or be limited to discrete events such as giant ELMs which would last ϳ1 ms. ITER specifications call for a 1 ms interferometer system time response but existing systems can easily obtain time resolution up to 1 s. Interferometers with optimum time response will have the added measurement capability of looking at both equilibrium and fluctuating quantities. This may be important for the divertor region where density structures ͑or "blobs"͒ may be moving down the divertor leg. Time delay measurements from chord to chord could be used to determine the propagation velocity as well as size. Consequently we recommend reducing the time response to ϳ1 s.
III. DIAGNOSTIC TECHNIQUES
The two-color interferometer system typically employed by the fusion community to compensate for optical system vibrations is feasible for ITER as it would also compensate for mechanical stresses and thermal expansion which are expected to be significant. Due to the anticipated large thermal expansion, perhaps ϳ1 cm, changes in path length will be much greater than the source wavelength generating huge phase errors ͑i.e., many fringes͒ that must be removed from the measurement. This introduces the potential for fringe counting errors and loss of density information. In addition, depending on wavelength choice, fringe skips are also possible due to plasma-induced phase changes that are Ͼ2. This will be discussed in the next section.
A potential resolution to this problem would be to employ a Cotton-Mouton interferometer, along with the two-color interferometer, in the divertor. In this instance, one is measuring a phase directly proportional to CM Ϸ 3 ͐ n e ͑r , t͒B Ќ 2 dl, where B Ќ is the magnetic field perpendicular to the probe beam or, for the case of ITER, the toroidal magnetic field which is known. All other field components are negligible. Using this technique, the total measured phase is always Ӷ2 thereby removing the problem of fringe skips. In this approach, two collinear probe beams are employed with orthogonal polarizations ͑O and X modes͒. The phase difference between the two probe beams after traversing the plasma is the Cotton-Mouton effect. Since both beams experience the same vibrations, mechanical stresses, and thermal expansion, errors induced by these effects automatically cancel when evaluating the phase difference. If fringe information is temporarily lost, say, due to a plasma instability, the correct phase is automatically recovered after the event. This type of system has previously been successfully demonstrated on the WVII-AS device.
1 A schematic of a combined two-color interferometer/Cotton-Mouton polarimeter system is shown in Fig. 3 . The Cotton-Mouton ͑CM͒ interferometer measurement relies on maintaining the polarization integrity of the two probing beams throughout the optical system. Using a Cotton-Mouton interferometer to eliminate fringe errors is analogous to using a Faraday rotation measurement in the ITER tangential interferometrypolarimetry system for the same purpose.
2 Both measurements see a phase shift that depends on the known toroidal magnetic field, Faraday rotation being due to component parallel to the laser beam, and Cotton-Mouton due to the perpendicular component.
By adding the Cotton-Mouton measurement capability, maintaining the integrity of the source polarization throughout the optical system ͑multiple bends and plasma refractive effects͒ becomes important and calibration will most likely be required to account for various effects including first mirror coatings or degradation. Another option is to employ the differential interferometer approach. Here one probes the plasma using two parallel chords with the same polarization but offset by a small distance, ϳ1 -2 cm. This is easily accomplished by removing the half wave plate and adjusting mirror M1 ͑see Fig. 3͒ so that the same two probe beams have an offset. With close spacing, both beams ͑which are frequency offset by only a few megahertz͒ can use the same optics thereby traveling the same optical path and canceling phase shifts induced by vibrations or thermal expansion. In addition, since the separation is small, the measured phase difference between the two probe beams is Ӷ2 making the system immune to fringe counting errors. This technique has recently been developed on the Madison Symmetric Torus ͑MST͒ device using an far-infrared ͑FIR͒ laser with = 432 m. The chord offset used was ϳ1 mm, being much less than the beam diameter of ϳ10 mm. The measured phase difference was only ϳ2°͑system phase noise ϳ0.05°͒ and the d⌽ / dx profile was confirmed to match that measured via standard interferometry. 3 By combining the two-color interferometer with a Cotton-Mouton effect interferometer or differential interferometer system, a robust and reliable ITER divertor diagnostic is achievable.
IV. WAVELENGTH SELECTION
Proper choice of source wavelength depends on the density range being measured, refraction due to transverse gradients, and density resolution required. Since the measured interferometer ͑or Cotton-Mouton polarimeter͒ phase is proportional to the source wavelength ͑ 3 ͒, longer wavelength is desired to increase the phase and improve resolution. However, refractive effects ͑beam divergence͒ are proportional to 2 ͑͒ leading to beam deflection ͑expansion͒ problems as one increases the wavelength. In order to balance these competing effects, the wavelength must be chosen to maximize the total phase while experiencing acceptable beam refraction and divergence.
For ITER densities and chord lengths, three wavelengths fall into a range that appears potentially suitable. These wavelengths are 10.6, 57, and 118 m which span the spectrum from the infrared to far infrared. For a two-color interferometer, possible wavelength pairs include 10.6 and 9.3 m, 4 or 57 and 48 m. 5 Each of these sources corresponds to frequencies well above any cutoff effects and lasers exist at each wavelength. Using the line-integrated density shown in Fig. 2 , the calculated phase at each wavelength is shown in Fig. 4 , for both the base line and high density ITER divertor cases. Finite electron temperature effects were not considered when making these estimates. 6 At each wavelength, the largest phase is measured for path 2 where the density is maximum ͑although path length is minimum͒ with variation from chord to chord being Ͻ2. Since the phase noise of an interferometer is typically around 1°-2°at best ͑worse depending on vibration compensation, etc.͒, and a resolution of 1% is desired, it appears that 57 m ͑or longer wavelength͒ is the best choice of source radiation wavelength. For 10.6 m, the total phase change is too small for the base line case to obtain the desired resolution.
As mentioned earlier, employing a CM interferometer would make the measurement immune to vibration and thermal expansion effects. This is a huge advantage in the difficult ITER environment. Minimum phase resolution obtainable in such a configuration are expected to be ϳ50 times lower than for a conventional interferometer. This has already been demonstrated by polarimetry systems on MST ͑Ref. 7͒ and JT-60. 8 For the same three wavelengths identified previously, plots of the anticipated Cotton-Mouton effect phase in the ITER divertor are shown in Fig. 5 , for both the base line and maximum density cases. The toroidal field used is B T =6 T ͑for the outer divertor leg͒. For the inner divertor leg, B T = 7.5 T, giving a 56% increase in the CM induced phase shift. For the base line case, the ranges of CM phase shift are 2°-4°at 118 m, 0.2°-0.4°at 57 m, and 0.001°-0.002°at 10.6 m. system operating at 432 m has 0.05°resolution with 20 kHz bandwidth. Similar resolution should be expected for a CM interferometer. From the above estimates, making the CM interferometer work at wavelengths of 118 or 57 m appears feasible. The CM effect at 10.6 m is too small to be measurable by existing standards for any expected ITER divertor density. The anticipated phase shifts using the differential interferometer approach can also be estimated. By taking the beam displacement ⌬x = 0.02 m, the computed phase shifts are shown in Fig. 6 for each wavelength. The differential phase is always less than a fringe in ranges of 25°-150°at 118 m, 12°-63°at 57 m, and 2.2°-30°at 10.6 m for the high density scenario and reduced by a factor of 5 for the base line density case. Since the phase noise is expected to be ϳ0.05°, the differential interferometer approach can be employed even at 10.6 m.
As mentioned earlier, wavelength selection does not depend only on the anticipated total phase measured. Beam divergence and refractive effects are equally important and both become large at longer wavelength. Simple estimates of refractive effects using the density profiles shown in Fig. 2 indicate that refraction will be negligible at wavelength of 10.6 m but not for the longer wavelengths. Based on these estimates, it seems that refraction may be manageable at 57 m but not at 118 m, especially for the high density scenario.
For ITER, the radiation source and receiver will be located in a diagnostic hall, ϳ40 m from the plasma. Some type of transmission waveguide may be needed to bring the source radiation to the device. Inside the vacuum vessel, space becomes much more restricted and plans call for a transition to either smaller waveguide or possibly free space propagation for the final distance of ϳ4 m to the plasma. Simple calculations of beam divergence indicate that if focusing optics ͑mirrors͒ are employed, the beam size can be maintained within a reasonable range and waveguide is not required for the final 4 m of optical path. However, due to refraction, the return signal beam, at 57 or 118 m, can be sufficiently deviated to potentially cause problems. This stems from the fact that the detectors are far from the plasma and waveguides are used for transmission. If the beam entering the return waveguide is off axis, significant losses and/or polarization degradation may be encountered. Active beam steering through the optical system may be required to compensate for the thermal expansion effects and could also potentially be used to offset refraction. 9 Further work is required to investigate both effects and improve the refraction estimate. Since waveguide does not appear necessary at 10.6 m and refraction is manageable, these effects are not anticipated to be important.
V. DISCUSSION AND FUTURE WORK
From the above design considerations, it is concluded that combining a conventional two-color interferometer system with either a Cotton-Mouton polarimeter or differential interferometer represents the optimum choice for the ITER divertor region. Adding the Cotton-Mouton or differential interferometer capability serves to improve system reliability by making the measurement immune to fringe counting errors. It should be feasible to design a flexible system whereby multiple approaches can be implemented by making proper adjustments in the diagnostic hall where the source and receiver are located. Flexible wavelength selection is also important and wavelengths in the region of 10.6 and 57 m appear to be the best choice. With sources at multiple wavelengths available in the diagnostic hall, one could select the wavelengths for a given chord, perhaps even on a shotto-shot basis, according to plasma conditions. By using the differential interferometer approach, maintaining polarization integrity is no longer critical and it becomes possible to use radiation at 10.6 m for all the chords. The waveguide used to propagate the 57͑48͒ m radiation to the vacuum vessel can also be designed such that the 10.6 m radiation can be transmitted along the same path. Further design work is clearly required to more fully investigate the issues touched upon in this article. First mirror degradation due to the harsh divertor environment is also important and requires research. Once the optical path in the divertor cassette is decided, a more thorough optical design, taking into account beam divergence and refraction issues, will serve to further clarify the optimum measurement technique͑s͒ and wavelength choice. However, the good news is that a reliable interferometer system for the ITER divertor is feasible and a prototype should be developed for an existing device.
